Sotos syndrome (Sos) is an overgrowth disorder also characterized clinically by mental retardation, specific craniofacial features and advanced bone age. As NSD1 haploinsufficiency was determined in 2002 to be the major cause of Sos, many intragenic mutations and chromosomal microdeletions involving the entire NSD1 gene have been described. In the Japanese population, half of the cases analyzed appear to have a common microdeletion; however, in the European population, deletion cases account for only 9%. Blast analysis of the Sos genomic region on 5q35 revealed two complex mosaic low-copy repeats (LCRs) that are centromeric and telomeric to NSD1. We termed these proximal Sos-REP (Sos-PREP, 390 kb) and distal Sos-REP (Sos-DREP, 429 kb), respectively. On the basis of the analysis of DNA sequence, we determined the size, structure, orientation and extent of sequence identity of these LCRs. We found that Sos-PREP and Sos-DREP are composed of six subunits termed A -F. Each of the homologous subunits, with the exception of one, is located in an inverted orientation and the order of subunits is different between the two Sos-REPs. Only the subunit C 0 in Sos-DREP is oriented directly with respect to the subunit C in Sos-PREP. These latter C 0 and C subunits are greater than 99% identical. Using pulsed-field gel electrophoresis analysis in eight Sos patients with a common deletion, we detected an 550 kb junction fragment that we predicted according to the non-allelic homologous recombination (NAHR) mechanism using directly oriented Sos-PREP C and Sos-DREP C 0 subunits as substrates. This patient specific junction fragment was not present in 51 Japanese and non-Japanese controls. Subsequently, using long-range PCR with restriction enzyme digestion and DNA sequencing, we identified a 2.5 kb unequal crossover hotspot region in six out of nine analyzed Sos patients with the common deletion. Our data are consistent with an NAHR mechanism for generation of the Sos common deletion.
INTRODUCTION
Sotos syndrome (Sos) (MIM#117550), also called cerebral gigantism, is a disorder characterized by pre-and postnatal overgrowth with advanced bone age, dysmorphic features with macrocephaly and a pointed chin and mental retardation (1, 2) . The major cause of Sos is NSD1 haploinsufficiency due to intragenic mutations or chromosomal microdeletions encompassing the entire NSD1 gene (3) . A total of 87 NSD1 point mutations and 58 microdeletions have been reported; however, the frequencies for microdeletions differ among different populations (3 -8) . In the Japanese population, about half of the cases (49/95) carry a de novo microdeletion, whereas microdeletions have been observed only in 9% of 535-542 doi:10.1093/hmg/ddi050 Advance Access published on January 7, 2005 the cases (9/100) in the European populations (6) . The reason for the different rearrangement frequencies among the populations studied is unknown.
Recently, we analyzed 50 microdeletions and found that 46/50 cases had a common sized deletion described as microdeletion 'A' (6) . We identified highly homologous low-copy repeats (LCRs) at both common deletion breakpoints and suggested that Sos was likely a genomic disorder (6) . We now delineated the genomic architectural features of the proximal Sos-REP (Sos-PREP) and distal Sos-REP (Sos-DREP) LCRs flanking the common Sos deletion and identified a 2.5 kb unequal crossover hotspot region in directly oriented subunits of Sos-REPs, consistent with a non-allelic homologous recombination (NAHR) mechanism for the common Sos chromosome microdeletions.
RESULTS

The genomic architecture of Sos-PREP and Sos-DREP
The DNA sequence gap present in our previous contig (6) has been closed in the May 2004 assembly of the UCSC database. We estimated previously that the size of the Sos common deletion was between 0.7 and 2.2 Mb (3, 6) .
The analysis of the UCSC databases reveals that there are 22 genes in the common deletion interval. Using Dotblot and BLAST 2, we found that the Sos-PREP is 390 kb in size (between RP11-91H12 and RP11-843P14) and Sos-DREP is 429 kb in size (between RP11-1101H11 and CTD-2515I1) (Fig. 1A) .
We found six regions of high identity (.97%) between Sos-PREP and Sos-DREP (subunits A -F) (Fig. 1B) . We consider Figure 1 . The physical map of chromosome 5 Sos common deletion region and sequence-based genomic structure of the Sos-REPs. (A) The Sos-REPs, indicated as black boxes, are proximal and distal to NSD1. Five Not I restriction sites are shown above with the Sos-REP-specific predicted genes and direction of transcription (arrowheads) below the horizontal line and the anonymous DNA genetic markers shown above. THOC3 and NY-REN-7 map to both Sos-PREP and Sos-DREP. (B) There are six subunits of .95% sequence identity between the proximal and the distal Sos-REPs (A-F) and their orientation is depicted by the arrowhead. All subunits except C 0 are inverted with respect to each other. Dotted lines indicate unique sequence in LCRs. The location of probes PFGE 6, 7 and 8 and the position of Not I restriction site numbers 4 and 5 are given. Three relevant genes are shown above.
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the Sos-REP elements as LCRs located at the proximal and distal common deletion breakpoints and as one block structurally. The size and order of subunits within Sos-PREP and Sos-DREP are not identical. The sum of these high sequence similarity-subunits is 316 kb (316 500 bp) for Sos-PREP and 357 kb (356 533 bp) for Sos-DREP. The DNA sequence identity for each subunit in Sos-REPs is between 95.7 and 99.2% (Table 1) . The largest subunit A is 123 620 bp in size for Sos-PREP and 119 051 bp for Sos-DREP (Fig. 1B) .
There are 63 kb of unique sequence between regions D and E in Sos-PREP and 58.7 kb between regions E and C 0 in Sos-DREP. The subunit E in SoS-DREP is located telomeric to subunit A. The most significant finding from the comparison between both Sos-REPs is that subunit C 0 maps 59 kb telomeric to the other subunits of Sos-DREP and is in a direct orientation with respect to subunit C of Sos-PREP. Both Sos-REPs contain two genes, THOC3 and NY-REN-7 ( Fig. 1 ). THOC3 and NY-REN-7 have open reading frames that are completely conserved in Sos-PREP and Sos-DREP. The PROP1 gene maps only to the Sos-DREP between subunits E and C 0 (Fig. 1B) .
De novo apparent junction fragment in association with Sos common deletion
From genomic sequence, we identified 27 Not I restriction enzyme sites in the 2.7 Mb Sos genomic region. Five Not I sites are shown in Figure 1 , whereas 22 additional sites are evenly scattered between site numbers 2 and 3. We performed genomic Southern blotting analyses using the probes adjacent to the directly oriented subunits C within Sos-REPs. Pulsedfield gel elctrophoresis (PFGE) probes 6 and 7 map 15 kb centromeric and 24 kb telomeric of subunit C in Sos-PREP, respectively, and PFGE probe 8 was designed within the subunit C 0 in Sos-DREP, but centromeric to the Not I restriction site number 5 (Fig. 1A) . Using PFGE probe 8, in addition to 900, 700 and 75 kb expected bands observed in control subjects, we identified a de novo 550 kb apparent junction fragment in all the eight Sos patients with a common deletion that we examined (Fig. 2) . Twenty control individuals from Japan (including 2165, 2172 and 2320) did not have this junction fragment. In addition, we tested 31 non-Japanese control samples and they did not have the junction fragment (data not shown). The junction fragment was also not present in the parents (2184 and 2185) of the patient 2180 with the common deletion. As expected, the predicted junction fragment was also not detected in either the patient with a known smaller sized deletion (2186) or the patient with an intragenic point mutation (147). The size of the junction fragment in eight common deletion cases appeared to be identical in size within the limits of resolution of PFGE. As anticipated, using probe 6, we detected the same junction fragment and did not find any junction fragments using probe 7 (data not shown). We detected an extra 650 kb band in the patient 2180 and an 150 kb band in his father (2184) whereas no extra bands were detected in any of the other cases examined. Common deletion in patient 2180 is known to be of paternal origin (9) .
Our data are consistent with the Sos deletion resulting from NAHR between directly oriented subunit C in Sos-PREP and subunit C 0 in Sos-DREP. Further support for a Sos-REP subunit C mediated NAHR comes from mapping the common deletion breakpoints. We mapped the proximal breakpoint between probes PFGE 6 and 7 (distance of 102 kb). The distal breakpoint maps to 75 kb between Not I site numbers 4 and 5. Hence, we calculated the deletion size is 2 Mb that is the distance between the proximal ends of subunit C in Sos-PREP and subunit C 0 in Sos-DREP, as one copy of subunit C is predicted to be deleted during NAHR.
A 2.5 kb NAHR hotspot region
To further narrow the recombination breakpoints within the recombinant Sos-REP, we analyzed the DNA sequence within directly oriented subunits C in Sos-PREP and C 0 in Sos-DREP for the presence of cis-morphic restriction enzyme sites (10) or paralogous sequence variants (PSVs). These PSVs could potentially be used to identify crossovers between highly homologous Sos-REP copies. We identified two cis-morphic restriction enzyme sites, Cla I unique to Sos-PREP subunit C and Nae I unique to Sos-DREP subunit C 0 , that are not present in Sos-DREP subunit C (Fig. 3A) . Using long-range PCR, we amplified the 11.2 kb region. As a result of digestion of this fragment from nine patients and two controls, six Sos patients with common deletion 2229, 27, 2180, 2230, 2231 and 2232 showed the predicted 6.9 kb junction fragment (Fig. 3B ). Their parents (3F, 3M, 27F, 27M, 2184 and 2185), three other patients with common deletion (2175, 2176 and 2181) and two controls (2165 and 2172) did not have this apparent junction fragment. As predicted by the sequence analysis, we also identified a 9.8 kb band from BAC clone RP11-546L14 (mapped to Sos-PREP subunit C), an 11.2 kb band from BAC clone RP11-1026M7 (mapped to Sos-DREP subunit C) and an 8.3 kb band from BAC clone RP11-2515I1 (mapped to Sos-DREP subunit C 0 ). Using a similar approach, we were able to exclude the crossover region in other portions of the C and C 0 subunits (Fig. 3A) . Unfortunately, in Sos patients 2175, 2176 and 2181, we could not exclude the 16 kb region distal to the Nae I site in Sos-DREP subunit C 0 because there were no informative restriction enzyme sites.
Sequence analysis of the crossover breakpoints DNA sequencing was performed for the precise determination of the site of strand exchange in the 6.9 kb region in six patients (2229, 2231, 2232, 2230, 2180 and 27). Nucleotide differences between the Sos-PREP subunit C and Sos-DREP (10) were determined on the basis of the available DNA sequence of this region. To confirm the sequence data, we sequenced the 6.9 kb region in the corresponding BAC clones RP11-546L14, RP11-1026M7 and RP11-2515I1. The DNA sequences from the recombinant Sos-REPs were compared to identify the crossover as evidenced by the transition from the Sos-PREP subunit C to the Sos-DREP subunit C 0 specific PSVs (Fig. 4) . Within the 6.9 kb region analyzed, there were 42 cis-morphic nucleotide differences between the Sos-PREP subunit C and Sos-DREP subunit C 0 copies. We confirmed all these nucleotide differences were cis-morphisms from the sequence data of corresponding BAC clones.
All six of the strand exchanges examined occurred in a 2.5 kb hotspot region. We did not identify any common repetitive elements (Alu, LINE and SINE elements) or cruciform structures in this region. With the exception of the recombinant Sos-REP from patient 2180, the breakpoints were actually narrowed to between 132 and 671 bp. Patient 2180 had a relatively large crossover region (2117 bp) and this region contains other patients' crossover regions except 2231. Sequence comparison between the Sos-PREP subunit C and Sos-DREP subunit C 0 in the 2.5 kb indicated that there were only two stretches of .300 bp perfect sequence identity. The crossover regions from the three patients, 2230, 27 and 2180, contain identical .300 bp stretches in their crossover region. Gene conversion events adjacent to the crossover were detected in three patients (2230, 27 and 2180), consistent with a double-strand break repair mechanism for initiating the NAHR.
DISCUSSION
Sos-REPs are substrates of DNA rearrangements resulting in Sos common deletion Several genomic disorders result from NAHR between LCRs (10 -15). Genomic disorder associated LCRs are usually 10-400 kb in size and share .97% sequence identity. In general, directly oriented LCRs are utilized as substrates of NAHR and result in chromosomal deletions or reciprocal duplications, whereas inverted oriented LCRs induce chromosomal inversion (11, 14, 15) . In LCRs with a more complex and mosaic structure, specific subunits of the complex LCRs can be used as NAHR substrates and can lead to either an inversion or a deletion/duplication, depending on the orientation of the substrates utilized (16) .
Sos-PREP and Sos-DREP have a mosaic structure and their orientation is inverted. Only subunit C in Sos-PREP and subunit C 0 in Sos-DREP are directly oriented. Similar mosaic patterns for LCRs at breakpoints of recurrent rearrangements associated with genomic disorders have been described for nephronophthisis 1 (17), Williams -Beuren syndrome (18) and Smith -Magenis syndrome (SMS) (19, 20) . Alternate directly oriented LCRs may be substrates for NAHR in uncommon but recurrent SMS deletions (21) , whereas other complex architectural features can be associated with rare non-recurrent SMS associated deletions occurring by both homologous and non-homologous mechanisms (22, 23) .
As anticipated, these directly oriented subunits of Sos-REPs serve as substrates for NAHR and result in a common 5q35 microdeletion. Similar to LCR-based NAHR reciprocal deletion/duplication in CMT1A/HNPP and SMS/dup(17) (p11.2p11.2) (24 -27), we predict a reciprocal duplication of the Sos common deletion region.
The 99.2% sequence identity observed between subunit C in Sos-PREP and C 0 in Sos-DREP may reflect homogenization due to more frequent gene conversions in contrast to other subunits. It remains to be determined why there is an observed frequency difference for the Sos common deletion between Japanese and non-Japanese populations. Whether this reflects population-specific sequence variation of the recombination substrates or recombination hotspot differences (28) between the populations will require substantial further experimentation. 
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Positional recombination hotspots in the Sos-REP
We identified a 2.5 kb positional hotspot for strand exchange during NAHR between Sos-PREP subunit C and Sos-DREP subunit C 0 . Among nine Sos patients with common deletion, six patients had a crossover in this region. The 2.5 kb region represents a unique sequence and does not have any specific repetitive DNA elements or other unique architectural Figure 3 . Novel junction fragments identified in six Sos patients with common deletion using long-range PCR-restriction enzyme assay. (A) DNA sequence prediction of the novel junction fragment from recombinant Sos-REPs. Sos-PREP subunit C and Sos-DREP subunit C 0 are shown with blue and pink rectangles depicting homology segments. Both restriction enzyme sites, ClaI, unique to Sos-PREP subunit C, and NaeI, unique to Sos-DREP subunit C 0 , are not present in Sos-DREP subunit C. Using a similar approach in three Sos patients (2175, 2176 and 2181), we excluded an 10 kb region upstream of Cla I site and the most distal 10 kb of Sos-PREP subunit C and Sos-DREP subunit C 0 as a crossover region. However, we were not able to exclude the 16 kb segment due to the lack of restriction enzyme sites (dotted line with arrows under Sos-DREP subunit C 0 ). Dotted diagonal line over Sos-DREP subunit C 0 indicates the crossover region. (B) An 11.2 kb fragment from the Sos-DREP subunit C is not digested by either ClaI or NaeI. The 9.8 and 1.4 kb fragments from Sos-PREP subunit C and the 8.3 and 2.9 kb fragments from Sos-DREP subunit arose after digestion of genomic DNA with ClaI and NaeI. The three control lanes contain long-range PCR products from BAC clone DNAs (RP11-546L14 from Sos-PREP subunit C RP11-1026M7 from Sos-DREP subunit C, and RP11-2515I1 from Sos-DREP subunit C 0 ). In addition, a 6.9 kb junction fragment from six patients with the Sos deletion is depicted. This junction fragment was observed only in six individuals among nine Sos patients with common deletion but not in their unaffected family members.
Human Molecular Genetics, 2005, Vol. 14, No. 4 539 features. Thus, the factors that could either stimulate doublestrand breaks or promote the crossover event of DNA strands are unknown. It has been proposed that a certain length of perfect identity (300 -500 bp) or a minimal efficient processing segments in human may be required in NAHR (14, 29, 30) . In the CMT1A region, the breakpoints were localized to a 1.7 Kb region within the 24 kb CMT1A-REPs. The narrowed breakpoint contained 500 bp of perfect sequence identity (29, 31, 32) . In NF1 deletion on 17q11.2, most breakpoints for DNA strand exchanges occurred in a 2 kb segment in NF1-REPs (30) . There is a 501 bp stretch of perfect identity in the 1.1 kb SMS hotspot (27) . Sos common deletion hotspot contains two .300 bp stretches of perfect sequence identity in 2.5 kb. In this 2.5 kb hotspot region, there are seven polymorphisms. This observation suggests that gene conversion and strand exchange events, alternate resolutions of a Holliday structure (28) , may be coincident in position as reported in SMS (27) . Mapping the sites of strand exchanges in recombinant Sos-REPs using PCR -restriction enzyme assays. The nucleotide differences between the Sos-PREP subunit C (above) and the Sos-DREP subunit C 0 (below) are indicated at the top. A mark (:) denotes the absence of the corresponding nucleotide. A total of 42 (capital letters) DNA sequence differences between Sos-PREP subunit C and Sos-DREP subunit C 0 were used for mapping the sites of strand exchange. These represent paralogous sequence variations (PSVs), also known as cis-morphisms (10), between proximal and distal copies and thus enable distinctions between both copies. Ten sites (lower case) are polymorphic and thus non-informative (small circles) for mapping recombinants. Each horizontal line below represents the recombinant Sos-REP of an individual with the patient number given to the left. The DNA sequence differences between Sos-PREP subunit C and Sos-DREP subunit C 0 are represented by circles for ease of analysis; white circles denote matches to Sos-PREP subunit C and gray circles denote matches to Sos-DREP subunit C 0 . The cis-morphic restriction sites (Cla I and Nae I) used for the identification of novel junction fragments and their genomic position in either Sos-PREP subunit C or Sos-DREP subunit C 0 are indicated. The regions of strand exchange in each patients are highlighted using a thick black line and arrows above the black line and summarized at the bottom of the figure as the black arrowed lines.
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Our results are consistent with other genomic disorders (CMT1A, SMS and NF1) in that sequence identity may promote the NAHR event in the Sos common deletion. Like other genomic disorders, a recombination hotspot appears to be associated with the NAHR event. Further study may reveal why there is such a dramatic population difference for the Sos common deletion and will likely identify a potential phenotype associated with the predicted reciprocal duplication.
MATERIALS AND METHODS
Genome sequence analysis of the Sos common deletion region
A preliminary map of the 5q35 Sos critical region was reported previously (6) . To further characterize the Sos-REP genomic structure, we removed the repetitive sequences using Repeat Masker (http://www.repeatmasker.org/) and assembled Sos-PREP and Sos-DREP using Pipmaker with Dotplot (33), the Sequencher software (Gene Codes) and NCBI BLAST 2 analyses. The analyzed clones were identified from the latest complete physical map of the Sos chromosome region (May 2004 assembly) in the UCSC Genome Browser (http://genome.cse.ucsc.edu/index.html).
Subject and cell lines
We analyzed the peripheral blood lymphocytes and/or Epstein-Barr virus-transformed lymphoblastoid cells and extracted DNA after obtaining informed consent from each patient and their parents. We analyzed 11 patients with Sos four parents of patients with Sos and 51 Japanese and nonJapanese control individuals. Nine patients (2180, 2232, 2229, 2175, 2176, 2230, 2231, 2181 and 27) with Sos had a common de novo deletion (described as deletion 'A') that was confirmed previously by FISH studies (6) . Among nine patients with the common deletion, we obtained the cell line from only eight patients 2180, 2232, 2229, 2175, 2176, 2230, 2231 and 2181. Sos patient 2186 had a smaller sized deletion (34) , whereas 147 had a NSD1 point mutation (7) . Individuals 2184 and 2185, 2187 and 2188, 3F and 3M as well as 27F and 27M are parents of Sos patients 2180, 2186, 3 and 27, respectively. Fifty-one other cases including 2165, 2172 and 2320 were unaffected individuals used as controls. Among all subjects analyzed in this study, the patient with small deletion (2186), the patient with intragenic mutation (147) and 31 control samples are not of Japanese origin. Twenty nine other subjects are all from Japan.
PFGE analysis
High-molecular weight DNA was isolated and embedded in agarose plugs from peripheral blood samples and/or EpsteinBarr virus-transformed lymphoblastoid cells established from patients and their parents. DNA in plugs was digested by Not I (New England Biolabs, MA, USA). Separation of DNA fragments was achieved using a CHEF MAPPER (BioRAD) for 27 h in 0.5XTBE running buffer with pulse time 86.54 s ramp at 6 V/cm. After treatment with 0.25 N HCl for 30 min and 0.4 N NaOH for 40 min, gels were blotted onto a nylon membrane.
To identify putative junction fragments and to determine possible substrates of NAHR in the Sos common deletions, we used three probes, PFGE 6, 7 and 8. The probes were constructed by PCR amplification of BAC substrate DNA from genomic clones located around predicted proximal and distal breakpoints of the common deletion and were flanking the subunit C and located in the direct subunit C 0 (Fig. 1 ). Forward and reverse primers designed for probe amplifications were 5 0 -CTAGTGTCTACTTGGAGCTG-3 0 and 5 0 -ATCCTTCTCGTACTTTCTTT-3 0 (probe 6), 5 0 -TCATTT ACCAAGAGAGGTTA-3 0 and 5 0 -GACCTATTGGGATATT TTCT-3 0 (probe 7) and 5 0 -TAGCTGAGGTCAGATTAGG-3 0 and 5 0 -AGTTTTTAAACCAAACTTCC-3 0 (probe 8). DNAs of BAC clones RP11-826N14 (for PFGE probes 6 and 7) and RP11-889L3 (for PFGE probe 8) were extracted and used for PCR amplification.
Long-range PCR and restriction enzyme digestion
Using long-range PCR (TaKaRa, Japan) with primers F: TCTGTTGCATGATCCATCCTGTGTTGCAATGCTGGC and R: TTAATTGTCAACAACTGAATAGAAAATTGGGC AGG, we amplified a 11.2 kb fragment (Fig. 3) . Both primers annealed to Sos-PREP subunit C, Sos-DREP subunit C and Sos-DREP subunit C 0 . After purifying PCR products using QIAquick PCR purification kit (QIAGEN), we digested each samples with 10 U of Cla I (New England Biolabs) and 10 U of Nae I (New England Biolabs) in 40 ml buffer. The digested products were subject to electrophoresis in a 0.8% agarose gel. The 6.9 kb junction fragment was separated from other bands, extracted from the agarose gel using a Gel Extraction Kit (QIAGEN) and then used as a template in subsequent PCR reactions for DNA sequencing.
DNA sequencing
For sequencing the 6.9 kb junction fragment, eight pairs of overlapping primers were designed. They are F1: TTCTGCTAACAATACCATTT and R1: AACATACAACC AGATTTGAC, F2: CAGTCAGGTAGGATTTTACA and R2: AAACTGGGAATACATAGTCA, F3: ACTTCTGCTT AATTCCATAA and R3: TGCTATGAAAAACTTAGCTC, F4: GTTTTAATAATACAAAGTAGGTC and R4: AAGGA GGATAGCTCTGAAC, F5: TATTCCAAGCTGTTTCCT and R5: CCAAGCTGTTTCCTTGGG, F6: CTGAGTTTA GGTGTCAAGAG and R6: CTTAGATGAGGACCACTGT, F7: CTGTTCATAGCTGTCTTCAT and R7: AAGAAATCT GGAAACCTCTA and F8: GATGCAGGTGACTTGTGC and R8: ACTTACCCACCTGCTTGT.
The PCR products were extracted from the agarose gel and sequenced using ABI PRISM BigDye Terminators version 3.1 Cycle Sequencing Kit (PE Applied Biosystems). 
